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ABSTRACT




Phytoplankton primary productivity (measured as 
C-14 uptake) was measured at five stations in Massachu­
setts Bay from March, 1973 - June, 1974- as part of a study 
of phytoplankton dynamics. Vertical in situ profiles were 
obtained at one station. Vertical samples from all stations 
were cbllected and incubated in a water bath on the deck 
of the research vessel. Productivity estimates were com­
pared with biomass, phytoplankton species composition, in­
cident radiation, light penetration in the water column, 
salinity, and temperature.
Annual variation illustrates low winter producti­
vity and high levels of productivity in spring and fall.
A bimodal productivity maximum was observed each spring.
2
Maximum daily production was 1900 mgC/m /day recorded
during the spring bloom in March, 1974-• Annual production
2
ranged from 200-340 gC/m at the stations. The central
station where in situ profiles were obtained had a total
2
annual production of 229 gC/m .
A marked offshore trend of decreasing productivity 
corresponded closely with spatial variation in chlorophyll 
a concentration.
Surface inhibition of photosynthesis was observed 




Massachusetts Bay is centered at 42°20'N and 
70°40'W, in the Gulf of Maine. It is one of the larger 
hays in the Gulf of Maine. Its boundaries are considered 
to be Cape Cod Bay on the south and the outer islands of 
Boston Harbor on the west. A convex arc drawn from Cape 
Ann to Race Point on Cape Cod is the eastern boundary.
The drainage basin of Massachusetts Bay contains a high 
population density and the bay receives a large quantity 
of domestic and industrial waste. Commercial fishing and 
lobstering is extensive within the region despite the low 
quality water which drains into the bay from inner Boston 
Harbor. Additional impact on the bay comes from ship traf­
fic that crosses the area to use the port at Boston.
A few biological surveys of phytoplankton in the 
Gulf of Maine have been completed. The authors most common­
ly referred to include Bigelow (1926), Gran and Biaarud 
0935)and Lillick (1940). Recently, Mulligan and deLara 
(1974) have reviewed all previous studies in the Gulf of 
Maine Region. However, little of the work to date has in­
cluded quantitative phytoplankton data and no primary 
productivity estimates for Massachusetts Bay are available.
Primary productivity by phytoplankton is a basic 
part of the food chain in the marine environment. The rate 
of photosynthetic conversion of inorganic to organic matter,
1
2for the most part, determines the productivity of the system. 
Most marine life is either directly or indirectly dependent 
upon primary productivity. Photosynthesis by planktonic 
algae depends upon environmental conditions such as incident 
radiation and nutrient availability. Variation in these para­
meters will ultimately affect the rate of primary production.
Knowledge of the rate of primary production is 
useful in assessing changes in environmental quality. Ex­
cess primary productivity is often an indicator;of cultural 
eutrophication. Productivity data can also be used as a 
guide for location on timing of marine mining,dredging, oil 
drilling, oil terminal placement or waste dumping. Dis­
ruption of the seasonal cycles of phytoplankton growth during 
one time period may affect the dynamics of the system more 
severely than at another time.
Phytoplankton surveys of other major sections of 
the East Coast include thoseof Riley (1959) on Long Island 
Sound, and Smayda (1957) and Pratt (1959) on Narragansett 
Bay. However, Massachusetts Bay has been overlooked and the 
purpose of this study is to provide some of the information 
necessary to adequately describe the area.
The initial purpose of this project was to assess 
the effects of experimental marine mining on primary pro­
ductivity. The lack of a suitable dump site for the mined 
materials caused a cancellation of the New England Offshore
3Mining Environmental Study (NOMES) in July, 1973. The 
phytop1ankton study however, was continued despite the can­
cellation of the NOMES Project.
The objectives of this project remained, to mea­
sure annual primary production within Massachusetts Bay; 
to relate primary productivity to physical and chemical 
parameters such as light, temperature, salinity and nu­
trients; to relate primary productivity to algal pigment 
concentrations, biomass and species composition; and to 
assess vertical and horizontal variation in primary pro­
ductivity throughout the study area and compare it with 
other East Coast marine ecosystems.
The study is a part of a larger project entitled 
Phytoplankton Dynamics of Massachusetts Bay that was con­
ducted from June, 1971 to September, 1974- by Hugh F. Mulligan 
and associates at the University of New Hampshire. Support 
was provided by the Sea Grant-Raytheon Project (NOAA- 
04-03-022-11), The Environmental Research Laboratory of 
Boulder, Colorado (N0AA-4-4-05-6) and the Mineral Resources 
Section of the Massachusetts Department of Natural Resources. 
Other phases of this study were conducted at the University 
of New Hampshire and Massachusetts Institute of Technology 
and included features such as currents, nutrients, sediments 
and benthic invertebrates.
DESCRIPTION OP THE STUDY AREA.
Massachusetts Bay is a shallow marine basin located
in the southwestern portion of the Gulf of Maine. The area
2
is approximately 1500km and a maximum depth is recorded 
in the middle of the basin at 85m. A few small rivers con­
tribute directly to the basin and the Merrimack River to the 
north contributes additional fresh water from around Cape 
Ann, especially in the spring (Grahm, 1970). Although 
circulation in the bay is complex (Bigelow, 1926) a south­
ward drift toward Cape Cod Bay is evident, and the net trans­
port of surface water out of the bay is past Race Point 
on Cape Cod.
In December, 1972 a 16 station 6X6 nautical mile
2grid (123.5km ) was established for phytoplankton sampling 
in Massachusetts Bay as part of the NOMES Project. The 16 
stations were located 2 nautical miles apart. Five primary 
stations were selected from the larger grid (Pig. 1). Both 
shallow and deep water stations were selected. In addition 
one station called "offshore control" was established 8 
nautical miles ENE of the others in the deepest part of the 
Massachusetts Bay basin. Stations were located on succes­
sive sampling cruises by a Teledyne-Hastings Radist Compu­
terized Navigation System or by C-Loran. Chart coordinates 
and depth for the 5 primary stations are presented in 
Table 1.




Figure 1. Massachusetts Bay and station locations.
6TABLE 1. Location and depth of primary stations in 
Massachusetts Bay.
Station Code Coordinates Depth in meters
A2 70° 48.85’ West 30
420 22.58' North
700 43.55' West 50
42° 22.58' North
B3 70° 46.20' West 27
42° 20.56' North
C2 70° 48.85' West 22
42o 18.55' North
70° 43.55' West 37
42° 18.55' North
Offshore Control 70° 35’ West 85
(8 nautical miles 42° 25.85' North
ENE of A ^
7weather permitting, from March, 1973 through June, 1974. 
Occasional equipment failure and vessel maintenance pre­
cluded or abbreviated some sampling cruises. All cruises 
were made aboard the R/V Walter E. Phipps, a 65' research 
vessel from Boston, Massachusetts under the command of 
Captain Donald Phipps. Sampling was designed to assess 
both the spatial and seasonal variation necessary to develop 
a reasonably complete assessment of the phytoplankton pro­
ductivity within the study area.
General hydrographic and atmospheric features of 
Massachusetts Bay include the following. Surface water 
temperature varies annually from 0°-18,8°C and salinity 
ranges from 27.5-34.0 °/oo. Water temperatures remain cool 
for most of the year and the flora present are temperate 
to arctic species. Commercial fishing is extensive in the 
eastern portion of the bay indicative of reasonably high 
primary productivity. Additional contributions of organic 
material in the form of detritus from estuaries, marshes, 
and domestic sewage plants, is also contributed to the bay.
Annual records of local climatological data were 
obtained from the National Climatic Center in North Caro­
lina. Weekly data were collected at Blue Hills Observa­
tory in Milton, Massachusetts (42°13'N, 71°07'W) and were 
made available by William Cusick.
Average annual precipitation in the area is 47 inches 
(119.4cm). The total for 1973 was 51.65 inches (131.2cm).
8Monthly summaries and departures from normal suggest that in 
1973 there was a dry early spring period, higher than nor­
mal precipitation through late spring and summer, and a 
dry fall (Fig. 2).
Average monthly air temperature in the region ranged 
from 18.6°F in February to 64.1°F in August (-7.4-C to 17.8C). 
The greatest departure during 1973 was higher than normal 
air temperature during March and April when the average 
daily departure was +6.5°F aad +2.7°F respectively. During 
May air temperatures dropped below normal, -1.3°F, but in­
creased again to +2.7°F above normal in June. The month 
of March was unusually warm and dry. Cooler temperatures 
and considerable precipitation developed during April and 
May, but by mid-June climatic conditions became normal 
for the period.
—  normal
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Figure 2. Normal and observed air temperature(°F) and precipitation (inches) 




Salinity and temperature profiles were obtained 
with a Beckman Induction Salinometer at 1 meter depth inter­
vals from the surface to 25 meters. Incident light attenu­
ation with depth was measured with a Montedoro-Whitney 
Model IMA-8A photometer from surface to the depth of 1% of 
surface light intensity (I0). This depth approximates the 
base of the euphotic zone. A selenium cell sensitive from 
400nm-700nm was used, and percent light recorded at each 
meter. Extinction coefficient(K)
K= 1°SeIl - 1°6eI 2
a2 - a1
was calculated from intensity readings at each meter. In­
cident radiation was measured with an Eppley Pyranometer at 




Assessment of pigment concentration is a rapid method 
for evaluating the fraction of plant matter in the particu­
late organic matter of seawater (Haymont, 1963). However, 
as concentration of pigment per unit of biomass varies, pig­
ment analysis can best serve as an indicator of biomass and 
not as its accurate measure.
11
Chlorophyll a values at each depth from which phyto­
plankton samples were taken were measured from December,
1972 to June, 1973 by standard methods (Strickland and Par­
sons, 1972). Subsequently chlorophyll a was measured onboard 
by fluorometry (Lorenzen, 1966). However, during each trip 
additional samples were collected and analyzed by specto- 
photometric methods to standardize the fluorometric mea­
surements. A Turner Model 111 Fluorometer with a high volume 
continuous-flow door was used. Water from the surface to 
25 meters, at 5m intervals, was pumped to the fluorometer 
by a Teel Model 1P809 submersible pump. To ptevent fluctua­
tions in meter readings, samples were passed through a bubble 
trap before entering the fluorometer. The trap was construct­
ed from a 48 X 15 cm length of PVC opaque pipe capped on both 
ends. Hose connections were attached to either end of the 
trap and water entered at the top. Air bubbles escaped 
through a small hole in the top cap and did not continue 
on through the hoses to the fluorometer. A Bausch and Lomb 
strip chart recorder was used to record the milliamp output 
from the fluorometer.
Regression analysis was used to show the relationship 
between fluorescence and concentration of pigments. The 
regression equation was used to calculate mg chlorophyll 
si /m^from in vivo fluorescence measurements taken from the
recorder tape. Vertical profiles were integrated to deter-
2
mine mg chlorophyll a /m . Correlation analysis was used to 
evaluate the relationship between chlorophyll a and fluorescence,
12
values of the correlation coefficient (r) ranged from 0 .94— 
1.0.
Carotene, phaeophytin, and pigment-diversity index 
(Margalef, 1968) were obtained from the samples analysed 
in the laboratory after Strickland and Parsons (1972).
In situ primary productivity was measured at station 
Bj from March, 1973 until June, 1974. An incubation chamber 
was constructed fpr measurement of primary productivity at 
all the primary stations. Measurements were made from July, 
1973 to June, 1974. The chamber technique provided data on 
station-to-station variation in primary productivity.
In situ primary productivity measurements utilized 
the C-14- technique (Strickland and Parsons, 1972). The 
range of detection of this method is 0.05 - 100 mgC/m^/hr. 
Water was collected with a hand operated 2 liter opaque 
Kemmerer Bottle. Light and dark bottles (300 ml BOD type)
were filled with water from surface, lm, 3m, 5m, 8m, 10m,
12m, 15m, 20m, and 25m. Each bottle was injected with 1 ml 
of standardized 2-5 microcurie/ml solution of sodium bi­
carbonate labeled with C-14-. All light and dark bottles 
were fitted with a snap hook that was used to secure the
bottles to rings on the suspension line. The bottles were
suspended at the selected sample depths on the line which 
was supported by two 50cm seine buoys held 2.5m apart by 
a length of steel pipe. The buoy apparatus is similar to 
that currently employed by C. Yentsch (personal communica­
tion) . An anchor and line were attached to the seine buoys
13
to hold the apparatus on station. Samples were incubated 
from 1000-1400 hours, solar time. After four hours the 
bottles were retrieved and either 100ml, 200ml, or 300ml 
aliquots were filtered on Millipore HA(0.45u, 47mm) plain 
white filters. Smaller aliquots were required when phytoplank­
ton density appeared high. Vacuum was maintained at 380mm 
of Hg when filtering. A "cold chase" of 20ml of filtered 
Massachusetts Bay seawater was used to rinse the filters 
after the entire sample had passed through the filter.
Wet Millipore filters were placed in glass scintil­
lation vials and 20ml of "fluorescence cocktail" consisting 
of 4g PPO, 0.05g POPOP, 120 Naphthalene and 1,4 Dioxane to 
make 1000 ml was added to each. Counting of the incorporated 
C-14 was done with a Packard Liquid Scintillation Spectro­
meter with preset count of 50,000 counts/min. Time elapsed 
to obtain these counts was used to calculate total counts/min 
with less than 1% error in counting (Nuclear-Chicago, 1966). 
Correction was made for machine efficiency and background 
radiation. Procedures outlined by Lind and Campbell (1969) 
were used for quench correction when necessary. Carbon fix-
-z
ation as mgC/m /hr was calculated as described by Strickland 
and Parsons (1972). Vertical profiles of carbon fixation 
were integrated by a computer program to obtain mgC/m /hr.
The aerial production measurements were corrected to light/ 
day rates using incident radiation data. Hourly values were 
multiplied by the ratio of total daily radiation over inci­
dent radiation received by the incubation bottles from
14
1000-1400 hours. Approximately half of the total daily 
radiation is received during the incubation period.
Various techniques have been utilized to assess 
primary productivity in onboard facilities using artificial 
light, neutral density filters and constant temperature 
baths (Steeman-Nielsen and Jensen 1957; Doty and Oguri 
1958 and 1959; Tailing I960; and McAllister, Shah and Strick­
land 1964). The following methods were used to measure 
primary productivity at the 5 major stations in order to 
define horizontal variations in primary productivity.
Samples for incubation tank productivity estimates 
were collected with a Kemmerer Bottle at depths where 100%, 
50%, 20% and 1% of the surface light intensity occurred.
These depths varied by station and season. Light and dark 
bottles were injected with C-14 as previously described 
and were placed in the onboard incubation tank under con­
stant light for a period of 4 hours.
The incubation apparatus consisted of an outer frame 
that held the incubation chamber waterbath, and lighting 
apparatus. The large waterbath (91 X 61 X 61cm) was com­
posed of high density polyethylene. The plastic tank was 
placed within a steel cradle which hung within the support 
frame on gimbled pins. The heavy construction and gimbles 
on the tank provided the capacity for withstanding rough 
sea conditons. The waterbath was filled with surface sea­
water and functioned as a constant temperature bath for the 
light and dark bottles.
15
The plastic tank contained a 4 chambered box open 
to light only from the surface. .Over the surface of the 
box was mounted a plate divided into 4 different light in­
tensities, by utilizing different numbers of layers of 
neutral-density screen. The screen plate fit securely o- 
ver each of the chambers and provided four different light 
environments. The light apparatus was mounted on the support' 
ing frame directly above the incubation tank. It consisted 
of eight, 40 watt Cool White fluorescent lamps. By using 
0, 1, 3 and 7» screens it was possible to obtain ligjht within 
the tank corresponding to 100%, 50%, 20%, and 1% of light 
saturated intensity. Ryther (1956) found light saturation 
on levels for diatoms to be between 10,000-20,000 lux.
Light output in the open frame of the incubation chamber was 
12,150 lux ensuring adequate illumination (Table 2). The 
Spectral emission distribution from Cool White fluorescent 
lamps (Fig. 3) illustrates that the lights used provided 
their highest output intensity at 430nm. This wavelength 
is one of the maximum light absorbance peaks for chloro­
phyll a, a required pigment for photosynthesis in phyto­
plankton.
After four hours of incubation the light and dark 
bottles were removed from the tank and filtered. The Milli- 
pore filters were washed, counted and calculated for carbon 
fixation exactly as were the filters of the in situ samples.
16
Table 2. Intensity, Illuminance and percent attenuation in 




milliwatts/cm % lux %
1.65 100 12150 100
0.85 52 6750 56
0.55 21 2590 21

























Figure 3. Spectral Emission Distribution for Cool White 
fluorescent lamps (Sylvania Engineering Bull. 0-283).
18
The carbon fixation values were then corrected for the per­
cent difference between those measured in-situ at station 
and the values obtained from samples incubated in the 
tank from station B y  This correction was made on all tank 
incubated samples. In this way the tank productivity values 
were adjusted to parallel those obtained within the water 
column. Light spectral corrections were not attempted, there­
fore the tank values are estimates of primary productivity 
and indicative of relative differences between stations.
Phytoplankton were identified and counted by Mulligan 
and Wessel from December, 1972 to December, 1973- Phyto­
plankton counting was done on preserved samples at 5m 
intervals from surface to 25m at each station. Identifica­
tions were compared with fresh tows and with water concen­
trated by centrifugation. The Utermohl sedimentation technique 
together with a Wild M4-0 inverted microscope was used 
(Utermohl, 1931 and Lund et al., 1958).
In order to understand the dynamics of phytoplankton 
in Massachusetts Bay an estimate of standing crop biomass 
was desirable. The estimations obtained were based upon 
phytoplankton species composition and density. The species 
were measured and total phytoplankton cell volume, total 
plasma volume and total carbon per nr were obtained. These 
values were integrated to obtain an estimate of biomass per 
unit of surface area. Values were integrated to 25m as 
this depth roughly corresponds to the depth of the euphotic 
zone. A computer program was developed to calculate biomass 




Similar temperature profiles were observed at the 5 
primary stations. Station is considered the main station 
and annual profiles from this station illustrate the thermal 
structure of the area. Surface water temperatures were 
similar to those reported in the United States Coast Guard 
Oceanographic Report # 53 (Big. 4). Coast Guard data was col­
lected at the Boston Light Ship. At the time of these measure­
ments the Boston Light Ship was located 1 mile SE of station 
Bj (recently moved 3 miles north).
Temperatures ranged from 0°C-18.8°C. Isothermal 
vertical profiles were observed from late December to April, 
when temperatures ranged from 0°-5°0. the thermocline 
developed in April. By mid-June a strong vertical stratifi­
cation was observed, especially at the deeper stations. The 
depth of the summer thermocline was 10-15m and persisted un­
til October when fall cooling initiated mixing and isothermal 
profiles resulted (Pig. 5)- Stations closer to shore had 
colder water conditions during the winter and a less well 
developed thermocline during the summer months.
Salinity was measured throughout the study period 
from surface to 25m at the primary stations. Unusually 
heavy rain and runoff during April and May, 1973 reduced 
salinity. During late May and early June lowest salinity,
  observed, 1975





Figure 4-. Comparison of surface seawater temperature ( C) at station 
and the Boston Light Ship located 1 mile north of station B^ (USCG Report










Figure 5. Annual temperature profiles (°C) at station B^( Mulligan, 
Beauregard, and Parker, 1974-).
ro
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27.5°/ o°> occurred at station B^. Maximum vertical vari­
ation (2.0°/oo) was also observed at this time. The 15 
year average from the Boston Light Ship shows similar late 
spring values, indicative of considerable freshwater input 
to the area (Fig. 6). In 1973, spring values were below 
normal, emphasizing the effect of heavy runoff. By mid- 
July bottom water had increased to 34.0°/oo and thermal 
stratification was well developed. Salinity rapidly increased 
throughout the summer months and approached, the 15 year 
average by late fall, suggesting an oceanic origin of the 
water mass. The water of the Massachusetts Bay study area 
is intermediate between typically low salinity coastal water 
and more highly saline offshore water.
Average salinity in the primary sampling area was 
31.0°/oo. In addition phytoplankton in the spring of 1973 
was subject to lower than normal salinity.
Vertical extinction coefficients were calculated for 
each lm interval from the surface to the depth of 1% sur­
face light penetration. The average K value for each verti­
cal profile was calculated and the annual variation plotted 
for each of the 5 primary stations. (Fig. 7).
At the 5 major stations, minimum transparency 
(highest K values)of the water occurred during the month of 
March; this corresponded to the spring phytoplankton 
maximum (Appendix Table 10). A value of 5m was recorded for 
the base of the euphotic zone at station C2* Transparency 
rapidly increased during late April.
 B3 Surface 1973




Figure 6. Comparison of surface seawater salinity (°/00) at station B^ and 
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1973
Figure 7. Vertical extinction coefficients for the euphotic
zone, from the surface to the depth of 1% of incident radia­
tion ( Mulligan, Beauregard and Parker , 1974)•
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By late May and throughout the summer months of June and 
July transparency again decreased. In late August trans­
parency increased slightly, hut was followed by a reduction 
in September. The September decline in transparency corre­
sponded with the fall phytoplank;ton bloom that persisted 
until the middle of October. As winter approached the trans­
parency increased. November and December values (K) are 
variable from station-to-station but generally water trans­
parency is high. By January and February, 1973 and 1974-, 
maximum transparency was reached, and corresponded with low 
phytoplankton concentrations.
A marked offshore trend of increasing transparency 
was observed on each sampling date. Offshore stations 
(A^, Bj, G^) had consistently deeper euphotic depths than 
nearshore stations (C2 > ^2 '^ "offshore control” station
exhibited greatest water transparency, consistent with the 
offshore trend. Maximum light attenuation occurred in the 
upper 10m layer of water. Lower extinction coefficients 
were observed in the deeper water.
Incident radiation varied considerably, both daily 
and seasonally. Five day averages were calculated from data 
provided by Blue Hills Observatory and were compared with 
Kimballs (1928) prediction for this latitude and longitude 
(Fig. 8). Incident radiation in Massachusetts Bay corresponded 
closely with average cloudiness values shown by Kimball.
The North Eastern Coastal Region is frequently affected by 









- 5 day averages 
*- No clouds 
*■ Average cloud cover 









J A 0F A JM M J N DS
Figure 8. Comparison of 5 day averages of incident radiation with expected 
radiation with no clouds and average cloud cover, from Kimball (1928).
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local haze and fog. Incident radiation is attenuated and 
expected maximum radiation levels are rarely observed.
Salinity, temperature, and light data were obtained 
from the NOMES Project data reports, which will be included 
in publication by Mulligan, Beauregard, and Parker.
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Primary Productivity
Net marine phytoplankton primary productivity varies
p
from an average of 200 mgC/m /day in oligotrophic habitats
such as the Sargasso Sea (Menzel and Ryther, 1960) up to 
2
3350 mgC/m /day in nutrient rich upwelling areas off the
south west African Coast (Lloyd, 197"0 • Habitats on the east
coast of North America vary considerably with regard tc
primary productivity levels. The shallow portion of the Gulf
of Maine has a high annual fish production probably supported
by a highly productive phytoplankton community.
Primary productivity at station was measured in situ
and estimates of whole day carbon fixation were calculated
(Appendix Table 4). The data provided a clear picture of the
annual cycle of primary productivity for Massachusetts Bay
stations (Fig. 9). During the winter months, November through
2February, primary productivity was lowest (160-380 mgC/m /day). 
A combination of low incident radiation, vertical instability 
of the water column, and low temperatures reduced productivity 
during the winter.
Incident radiation increased in the spring and the 
spring bloom was initiated in March with an increase in chlor­
ophyll a concentration and productivity. In the spring pro­
ductivity had a bimodal distribution. The first increase
occurred in March and attained a maximum value for 1975 of
2 2 1400 mgC/m /day. By mid-April a low value of 350 mgC/m /day
was observed. In early May the second part of the bloom began.
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Figure 9» Daily primary production at station measured in situ from 
March 1973 to June 1974.
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p
ranged from 840-960 mgC/m /day.
A slow decline in production rate followed the second 
part of the spring bloom. Summer values in July and August 
were reduced, but remained intermediate between spring max­
imum and winter minimum values. The summer range was 610- 
750 mgC/m^/day.
Phytoplankton productivity again increased in the 
early fall, by mid-September productivity values had increased
p
to 840 mgO/m /day. However, this increase lasted briefly as
2
productivity was 290 mgC/m /day at the end of September. By
mid-October the values had again increased, indicative of a
bimodal fall bloom. The second part of the fall bloom was
less intense than the first and values ranged from 610-670 
2
mgC/m /day. As winter approached values declined and by
2
December 1 the daily productivity was 340 mgC/m /day. The 
bimodal spring bloom in 1973 was more intense than the bi­
modal fall bloom.
Primary productivity was also measured from January 
to June in 1974-. This additional data was collected to verify 
timing and intensity of the spring bloom period in Massa­
chusetts Bay. In 1974- the maximum daily primary productivity
2 2 
was 1900 mgC/m /day, compared to 1400 mgC/m /day in 1973-
2
Chlorophyll a concentration was 212 mg/m on the date of
2
maximum productivity in 1974- but only 141 mg/m in 1973.
Productivity was not measured in situ at station B^ 
until March 21, 1973* Therefore, productivity from this date 
only estimates the maximum. In 1974-, maximum spring phyto­
plankton productivity was observed on March 16, slightly
31
earlier than the observed peak in 1973- Perhaps the maximum 
in 1973 had already occurred. The nearly parallel values 
observed throughout the spring of 1973 and 197 -^, suggest
that the two spring maxima may have been similar.
2
Annual primary productivity was 230 gC/m /year, 
determined by integrating daily values over time for the
year. This value was obtained from in situ profiles at station
2
Bj. Station-to-station variation suggests that 200-350 gC/m 
per year is a reasonable range for annual productivity at 
the Massachusetts Bay stations.
Annual net productivity values for neritic water 
along the east coast of the United States and Canada are 
presented in Table 3* Annual primary productivity for Mass­
achusetts Bay corresponds with the values presented for 
Georges Bank which is nearest geographically to the sampling 
area. The stations sampled in Massachusetts Bay appear to be 
quite productive.
The incubation tank provided information on horizontal 
variability in carbon fixation among the 5 major Massachusetts 
Bay stations. Because only four depths were sampled per sta­
tion these values are considered as estimates of primary 
productivity. Their major use will be to define horizontal 
differences. The simulated in situ experiments were con­
ducted from July, 1973 to June, 1974. The incubation tank 
values were corrected with in situ profile values.by incu­
bating duplicate samples, one in situ and one in the tank. 
Percent difference in productivity was then used to correct 
all other tank incubated samples.
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Table 3* Comparison of annual and seasonal maxima of net 
primary productivity in Massachusetts Bay with other se­
lected marine regions.
Seasonal Maximum gC/m2/day
Massachusetts Bay (Parker and Mulligan, in prep. ) 1.3-1.9
Chaleur Bay Can. (Legendre, 1971) 1.0
N.W. African Coast (Lloyd, 1971) 1.12-3.35
Coastal off New York (Ryther and Yentsch, 1958) 1.0
Chesapeake Bay (Taylor, Roland and Hughes, 1964-) 1-5-3.5
4-0° - 50°N Pacific (Parsons and Anderson, 1970) 0.66
Georges Bank (Teal and Kanwisher, 1966, pCC^) 1.6
Nantucket Sound (Teal and Kanwisher, 1966) 0.60




Massachusetts Bay (Parker and Mulligan, in prep. ) 200-34-0
Coastal off New York (Ryther and Yentsch, 1958) 160
Continental Shelf off N.Y. (Ryther and Yentsch, 1958) 100
Long Island Sound (Ryther and Yentsch, 1958) 380
Georges Bank (Teal and Kanwisher, 1966) 120-300
Nantucket Sound (Teal and Kanwisher, 1966) 150-200
St. Margarets Bay Can. (Platt, 1971) 250-270
Western Central Atlantic (El-Sayed, 1972) 100
Sargasso Sea (Menzel and Ryther, 1960) 72
33
Carbon fixation from the tank ranged from undetect­
able levels at the compensation depth to 38.8 mgC/m^/hr.
Light inhibition was noted in the surface water samples and 
maximum photosynthesis was measured at light levels correspond­
ing to a depth of 1m.
Primary productivity integrated to 1% IQ depth, ranged
2
from 12.0-250 mgC/m /hr. Stations A£ and C2 » the two inshore 
stations, had the highest carbon fixation rates. Stations A^ 
and C^, the two offshore stations, had the lowest carbon fix­
ation rates. Station B^, located between the inshore and off­
shore stations, was intermediate (Pig. 10). In general, an 
inverse relationship between distance to shore and primary 
productivity was noted. Values for the offshore control sta­
tion, located 8 nautical miles east of the Massachusetts Bay 
stations, provided the lowest productivity estimates. The 
productivity graph is supplemented with values calculated 
from other NOMES stations (A^, A^, B2 , B^, C^, C^). The pro­
ductivity values for these stations were derived from assim-
2ilation indices (mgC/mg chlorophyll a *m Ryther and Yentsch,
1957; Plemer, 1970). Chlorophyll a concentrations for each
date were used to calculate primary productivity values in 
2
mgC/m /hr. These calculations provided a generalized view of 
the offshore trend of decreasing primary productivity.
Station C^ is inconsistently low. Depth at this sta­
tion is 10m at mean low water. Therefore, integration to 25m 
could not be made at this station and comparison to deeper 
stations is not realistic. However, high chlorophyll a 
















Figure 10. Daily primary production measured 
in On-deck incubation bath from July 1973 to 
$une 1974.
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higher algal productivity if it were deeper (Fig. 11).
Rate of photosynthesis was evaluated as a function of 
depth. As depth increased above 20-25m primary productivity 
decreased. At stations below this depth productivity decreased 
and was limited by shallower water.
In situ profiles provided information on vertical 
variation with depth in the euphotic zone. Productivity was 
measured at 10 depths, at station B^. Four-hour in. situ 
incubations were evaluated for rate of primary production and
values were converted to mgC/m'Vhr. Values ranged from unde-
2tectablly low levels at the compensation point, to 4-1 mgC/m •^ Lr 
in the most productive portion of the euphotic zone. The 
euphotic zone was approximately 25m deep, although it varied 
from 20-30m. Surface productivity values were 80% of the 1m 
values. It appears that light inhibition of photosynthesis 
accounts for this phenomenon (Marshall and Orr, 1928; Jenkins, 
1937; Steeman-Nielsen, 1951 and 1952). Maximum productivity 
took place at depths of 1-3m where the range was 1-4-1 mgC/m^/hr. 
Light intensity through this interval was 35%-58% of the 
surface intensity (IQ), and maximum carbon fixation occurred 
at 58%.
The lower portion of the euphotic zone showed a strong 
dependence upon light intensity (Fig. 12). The compensation 
depth generally occurred at 25m corresponding with the 25m 
depth predicted by Clarke (1938) for the Gulf of Maine.
Shape of the vertical productivity profiles illus­
trates annual variation in carbon fixation with depth. These 
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Figure 11. Relative difference in primary production among the Massachusetts 
Bay Grid stations. Primary stations measured by C-14-, all others calculated
p
from assimilation indices and chlorophyll a concentration / m .
O'
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Figure 12. Average primary productivity and percent light
attenuation (%I0) with depth at station B3 during 1973*
capacity of the community decreases, and phytoplankton sink 
in the water column. Nutrient removal, zooplankton grazing) 
and sinking to depths of less favorable light conditions may 
result in a rapid reduction in the rate of carbon fixation at 
the end of a bloom period.
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Pigments
Annual variation in chlorophyll & concentration for 
the 5 primary stations was similar to that of primary pro­
ductivity (Pig. 13)• Two spring maxima were observed during 
late March to early June. Lower values through the summer 
months were followed by two fall maxima in September and 
October. Lowest chlorophyll concentrations were observed
from December-February. Winter values ranged between 10-20
2 2 mg chlorophyll a/m . The maximum value (480 mg/m ) occurred
during spring bloom conditions in late March.
Station C2 registered higher chlorophyll concen­
trations than did other stations. Stations A2 and A^ were 
lowest in chlorophyll concentration. The apparent influence 
of shoreline was to increase the concentration of chlorophyll 
a (Pig. 14).
Although station had the lowest aerial chlorophyll 
concentrations, the volumetric concentration at individual 
depths were quite high. This station is only 10m deep at mean 
low water and integration could only be calculated to this 
depth.
Vertical profiles of chlorophyll a. indicated an in­
crease of the pigment in the surface waters at the onset of 
the spring bloom. As the bloom progressed the concentration 
tended to increase with depth indicating a sinking population. 
This sequence of events in 1973 was typical of both spring and 
fall phytoplankton increases (Pig. 15).
2
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Figure 14. Inshore- offshore variation in relative chloro-
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Figure 15- Vertical profiles of chlorophyll a in
7
mg/m at station during 1973*
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ablly low levels to a maximum of 38 mg/m^. Tables of chlor­
ophyll concentration are presented in Appendix Tables 5-9.
Phaeophytin, the initial decomposition product of 
chlorophyll a, was measured in order to indicate decomposition 
of the phytoplankton populations. Phaeophytin was assessed 
during the 1973 spring season from December 1972 to June 1973. 
Phaeophytin was at undetectable levels during the late winter, 
but reached concentrations as high as 23 .6 mg/m^ during the 
later part of the spring bloom period in late March. A second 
increase in phaeophytin occurred from late May to early June 
that corresponded to the second maximum of the bimodal spring 
bloom. There was little correspondence between phaeophytin 
and depth. Maximum phaeophytin concentrations occurred at 
station Og. The maximum concentration at all stations was on 
March 31» also the date of maximum chlorophyll a. concentra­
tion in the spring.
Carotene concentration was evaluated at the 5 major 
stations and had an annual variation very similar to that of 
chlorophyll a. The average concentration in the water column
7
ranged from 0.62-8.73 mg/m , and the maximum at all stations 
corresponded closely with the chlorophyll and phaeophytin 
maximum. The ratio of chlorophyll a_ to carotenoids was quite 
constant so that the seasonal variation in carotenoids was 
adequately illustrated by chlorophyll concentrations.
Pigment-diversity index as absorbance at 44-5nm/665nm 
of the acetone extract of pigments was calculated as described 
by Margalef (1968). He found an index range of 2.5-3*5 for 
phytoplankton blooms in upwelled water. He interpreted the
lowest index as indicative of rapidly growing populations. 
Pigment diversity values in Massachusetts Bay ranged from 
2.08 at station C2 during the maximum bloom period in the 




Biomass at station varied from less than 1 mgC/mP 
in deep water samples during winter months, to a maximum of 
394- mgC/m^ at 10m during peak: spring bloom conditions.
Biomass was concentrated in the top 15m during most of the 
year, although high phytoplankton biomass accumulated in 
deeper water as spring bloom populations settled in the water 
column during April.
Biomass per unit of sea surface ranged from less than
2 2 50 mgC/m in February to a seasonal maximum of 6100 mgC/m
during the spring bloom. Summer biomass values declined to
2
less than 1000 mgC/m . A fall phytoplankton increase was
2
observed. Biomass increased to 3600 mgC/m by September 10, 
1975; and concentrations slowly declined through the early 
winter months (Fig. 16).
Highest biomass concentration during the spring 
bloom in 1973 was 6100 mgC/m^, but in 1974- only 2900mgC/m^
was measured. The average rate of primary productivity
during the period of biomass accumulation for both years was
p
155mgC/m /hr. However, in 1973 the average rate of production
continued for 50 days, but in 1974- productivity was attenuated
after 30 days. Consequently biomass did not accumulate to the 
concentration observed in 1973* It appears that productivity 
was limited during the spring bloom in 1974-. Perhaps more 
nutrients were available for productivity in 1973* However, 
the phytoplankton-productivity-biomass system is complex and 
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Fig. 16 Phyt opl ankt on "biomass at station during 1973 and 1974.
Biomass Distribution Among Species
Marine phytoplankton vary greatly in cell size.so 
that cell counts do not by themselves adequately describe 
the importance of a particular species. Estimates of phyto­
plankton abundance can be made more informative by consider­
ing the biomass contribution of each species. Cell volume, 
plasma volume, and cell carbon content should be calculated 
and compared with the total biomass for all species in a 
sample. The values enable a comparison of species biomass 
by water volume or per unit of sea surface area. In this way 
a comparison can be made of the actual contribution any one 
species makes to the total population. Extremely small species 
such as Chaetoceros sociale must be present in much greater 
numbers in order to equal the biomass of a larger species like 
Guinardia flaccida.
The importance of each species recorded at station
during 1973 was assessed by comparing it s contribution to
the total biomass on each date. Biomass as mgC/nr was measured
2
and integrated over depth to obtain ragC/m . The dominant 
species of diatoms, dinoflagellates and other genera were 
selected for comparison. Seasonal distribution of a species 
as indicated by it s biomass illustrates it s relative impor­
tance to other major species.
Diatoms were the most important class of phytoplank­
ton in Massachusetts Bay (Eig. 17). A total of 44 species, 
distributed among 20 genera were recorded at station B^ 






















Fig. 17. Seasonal cycle of the 20 major diatom species 
in Massachusetts Bay. (Thickness of graphs indicate 
log 10 of biomass per species in mgC/m^)
•See next page for species codes.
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Fig. 17. continued







6 . Skeletonema costaturn
7 . Thalassiosira gravida
8 . Rhizosolenia fragilissima













Contribution by any organism occurred on March 31 during the
2
spring bloom. Porosira glacialis contributed 2510 mgC/m 
which was one-half of the total biomass on that date, the 
dominant fall organisn, Leptocy1indrus danicus, contributed 
2500 mgC/m^ (86%) to the total of 2900 mgC/m^ on September 10.
Two other dominant species at station were
Skeletonema costatum and C.ylindrotheca closterium. Skeletonema 
occurred throughout the year with highest concentrations 
during March, May, August, September , and October. Although 
Skeletonema never reached the biomass concentration of
2Porosira or Leptocylindrus (Skeletonema max. = 478 mgC/m ) it 
did yield the highest biomass value on an annual average. 
Skeletonema could apparently reproduce tinder most conditions 
at station B^. It's abundance was limited only by the onset 
of the spring bloom. Cylindrotheca closterium had a similar 
annual pattern.
Biomass concentrations at station B^ between January 
1 and the onset of the spring bloom were quite low, with 
Skeletonema costatum, Cylindrotheca closterium, and 
Thalassiosira decipiens being dominant.
The spring bloom in Massachusetts Bay was dominated 
at station B^ by nine major species of diatoms; Porosira 
glacialis, Thalassiosira gravida, Detonula confervacea, 
Thalassiosira nordenskioldii, Chaetoceros sociale, 
Thalassiosira sp., Chaetoceros debile, Coscinosira polychorda, 
and Rhizosolenia faerftense. By the end of March, the peak 
of the first part of the spring bloom at station B^, 96% of 
the phytoplankton biomass was accounted for by these species.
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Other populations developed and replaced the major 
spring dominants. The new community had a lower number of 
species and was dominated by Skeletonema costatum, 
Cylindrotheca closterium, and some species not included in 
the class Bacillariophyceae. The species persisting into the 
summer months included the dinoflagellates Ceratium longipes, 
Amphidinium erassum, Dinophysis sp.; and the greens 
Chlamydomonas sp. , Carteria sp. ; and Buglena sp.(Fig. 18). 
During June and the first half of July these species became 
the dominant phytoplankton at station B^. On June 30 the 
Phytoplankton biomass was composed of 4-0% diatoms and 60% 
dinoflagellates, unicellular Chlorophyceae and euglenoids.
By mid-July diatoms regained their dominant role as the major 
contributors to algal biomass at station B^ in Massachusetts 
Bay.
Leptocylindrus danicus, .Rhizosolenia fragilissima, 
Hhizosolenia delicatula, Skeletonema costatum and 
Cylindrotheca closterium contributed the majority of biomass 
during the late summer and fall months. By the middle of 
September diatoms had increased to 96% of the total biomass. 
Rhizosolenia faerttense and Nitzschia delicatissima provided 
additional biomass in September. Dinoflagellates and other 
species also contributed to the total biomass during the 
months of September and October.
As winter approached the diatom concentrations sub­
sided. Guinardia flaccida, Rhizosolenia faerttense, and 


















Fig. 18. Seasonal cycle of the 15 major species within 
the classes Ghrysophyceae, Dinophyceae, Ghlorophyceae, 
and Euglenophyceae. (Thickness of graphs indicates 
log 10 of biomass per species in mgC/m^)
* See next page for species codes.
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Fig. 18. continued
List of 15 other important phytoplankton including 


















Diatoms were the dominant contributors to phytoplank­
ton biomass throughout most of the year at station in 
Massachusetts Bay. However, for a brief period in June and 
early July, dinoflagellates, unicellular greens and euglenoids 
contributed significantly to the total biomass.
Biomass and phytoplankton species information was 
obtained from the HOMES Project data files and will be in­




Freshwater input to Massachusetts Bay was important 
during the spring months. Salinity values averaged "below 
32° / o o ,  indicative of the influence of coastal drainage. 
Minimum inner Boston Harbor values reported by McLeod 
(personal communication) were 'I0°/oo. The average annual 
variation of sea-surface salinity suggested a rapid reduction 
of salinity during maximum land-runoff in the spring (USCG 
Report #55)• The lowest surface salinity recorded at station 
B^ was 27.5°/oo in May, 1975- No relationship between primary 
productivity and salinity was observed.
Thermal stratification persisted from June through 
October at station B^. The temperature regime of the more 
inshore stations was more variable. Shallower (more coastal) 
stations were subject to some vertical mixing. Temperature 
and salinity values indicated that the sampling area is 
located in a region where low salinity shallower coastal 
water and high salinity offshore water mix.
Hydrographic conditions in the area were also in­
fluenced by turbulent mixing. Non-tidal currents in the bay 
and the strong tidal motion entering and leaving the shallower 
harbor zone combined to actively mix masses of both inner 
Boston Harbor and the water in the western area of Mass­
achusetts Bay. Frequent storms also contribute to the mixing
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process in the area. Although thorough assessment of the mix­
ing processes in the western Massachusetts Bay area has not 
been completed it appears that a strong dispersal mechanism 
does exist at the interface between the harbor and the bay 
(Mollo-Christensen, 1973)•
Concentrations of NO^-N and PO^-P in the bay and 
harbor were evaluated by Frankel and Pearce (1973)• Highest 
nutrient levels were recorded at stations located within the 
harbor area and a trend of decreasing concentrations was 
strongly correlated with distance from shore throughout the 
year. They suggest that the major source of nutrient input 
to Massachusetts Bay is from sewage outfalls located in the 
inner harbor area.
Maximum nitrate concentrations at station B^ were 
4— 6 pm/1 observed just prior to the spring phytoplankton 
bloom in March. Undetectable nitrate levels were reported 
following the peak in phytoplankton productivity in early 
May. Phosphate values however, remained quite high and did 
not become limiting as concentrations ranged from approx­
imately 1-2 jam/1 from February to July, 1973-
Ryther and Dunstan (1971) suggest that N:P ratios 
of 6 or 7:1 are indicative of nitrogen limitation in coastal 
waters. It appears that nitrate nitrogen may be a limiting 
factor in western Massachusetts Bay at some times during the 
year. Ammonia and other sources of nitrogen were not assessed. 
Possibly these nutrients, as well as growth promoting vitamins 
may also act as limiting factors in the area.
Light transmission in the water column and depth of
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the euphotic zone was evaluated throughout the study. The 
1% I depth approximates the compensation depth and is con­
sidered to be the limit of the euphotic zone (Strickland, 
1957)* Euphotic zone depths as great as 95-100m have been 
reported for Crater Lake, Oregon (Larson, 1972) and 70m in 
the Sargasso Sea (Riley, 1957)- Jerlov (1968) considers 120m 
to be the depth of the euphotic zone in clearest sea water. 
Clarke (1936) has reported an average value of 25m in the 
Gulf of Maine. Clarke's value is similar to the deepest 
penetration of the light level measured in Massachusetts 
Bay in 1973- An offshore trend of increasing transparency 
and reduced vertical extinction coefficients was observed. 
This characteristic was quite pronounced and on some sampl­
ing dates obvious changes in water color and particulate 
matter in the water were apparent. Abrupt changes in water 
color were noted in as little as 100m horizontal distance.
The euphotic depth at the shoreward stations was consistently 
shallower than the offshore stations. Minimal transparency 
occurred on March 51 all stations and appeared to be pro­
duced by a combination of turbulent mixing, land drainage and 
the spring phytoplankton bloom.
In an attempt to evaluate the role of phytoplankton
as light absorptive particulate matter in the study: area,
2
chlorophyll a concentration (mg/m ) at each station was 
correlated with the depth of the euphotic zone. The cor­
relation coefficient obtained was -0.61 suggesting that 
some but not all of the absorption of light in the water 
column was accounted for by chlorophyll or the associated
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algal cells. This analysis also suggests that particulate 
matter other than phytoplankton was an important contributor 
to turbidity in the study area.
Lorenzen (1972) has suggested that light absorption 
in sea water and ultimately the depth of the euphotic zone 
can be accounted for by extinction of light due to three 
factors; sea water, chlorophyll (i.e. phytoplankton), and an 
unknown factor—  probably particulate debris and yellow 
organic substances. He further suggests that chlorophyll a^ 
concentration can be calculated from the depth of the euphotic 
zone (1% IQ, in meters). Depth of the euphotic zone and chlo­
rophyll were compared with Lorenzen*s predicted values (Fig.19)* 
At station most chlorophyll concentrations corresponded 
to a shallower euphotic zone than predicted by Lorenzen. 
Extraneous material other than chlorophyll may have been 
present in large quantities at our sampling stations account­
ing for greater amounts of light absorption. Resuspended bot­
tom sediments or particulate matter from land drainage may 
be responsible. Ryther (1963) suggests that less than half 
of light attenuation with depth is accounted for by living 
phytoplankton off the coast of the eastern United States.
In general, strong trends of decreasing chlorophyll 
_a concentration from inshore to offshore stations were 
observed. A similar trend of decreasing chlorophyll concentra­
tion seaward has been noted by Mandelli et al. (1970) in 




















Fig. 19 Chlorophyll a concentration at station and chlorophyll a pre­
dicted by Lorenzen (1972) compared with the depth of the euphotic zone
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Seasonal Variation in Primary Productivity
The primary purpose of this study was to describe 
seasonal and spatial variations in primary productivity. A 
total of 30 cruises included 23 in situ and 85 simulated 
in situ measurements of primary productivity using the C-14- 
technique. Initial observations in the study area showed 
that the euphotic zone (1% IQ) was approximately 25m deep.
In an attempt to fully define the vertical structure of pro­
ductivity 10 sample depths were selected. Had standard 
hydrographic casts been made at 5 or 10m intervals the major 
portion of the surface area productivity would have been 
overlooked, as maximum productivity generally occurred from 
1-3m in the water column. Surface inhibition of photosynthesis 
was observed; maximum reduction was noted during summer 
months when incident radiation was at a maximum. This study 
and others (Jenkins, 1937) showed that during periods of 
high solar radiation photosynthesis is inhibited within 
the upper few meters of water.
Seasonal variation in primary productivity at the 
primary stations was similar. More extensive evaluation of 
seasonal variation in productivity was conducted on data 
from station B^. Since station was sampled on every 
sampling date, the most complete set of data for the 18 
month period of study is available from this station. The 
following evaluations were conducted on this data, specific 
productivity rates per unit of incident radiation, per unit 
biomass, and per unit chlorophyll a were calculated in an 
attempt to explain seasonal patterns of productivity.
O '  I
Incident radiation in the Massachusetts Bay area had 
considerable daily and seasonal variation. However, it gen­
erally paralleled the seasonal pattern predicted by Kimball 
(1928) for incident radiation with average cloud cover.
His values provided less variable estimates of the ratio than 
did incident radiation recorded on the day of the product­
ivity measurements and provide a better estimate of the light 
received by the phytoplankton prior to sampling. For these 
reasons Kimball's predicted light values were used to cal­
culate primary productivity per unit of incident radiation.
Primary productivity per unit of incident radiation
2 2(mgC/m *hr/gcal/cm /day) varied seasonally and ranged from
0.09-0.57 (Fig. 20). During January and February incident
2
radiation ranged between 120-240 gcal/cm /day and values 
of the ratio were less than 0.20. Ryther (1956) stated that 
"light is the most important limiting factor to photosyn­
thesis in the sea". On the date of maximum productivity,
2
in late March, incident radiation was 330 gcal/cm /day and
the ratio increased to 0.52. From late April to early October
incident radiation was 300-480 gcal/cm /day. During this
period productivity per unit of radiation was minimal. As
light levels declined in the fall and early winter the ratio
increased again. The annual maximum (0.57) was observed in
2
November when radiation was 130 gcal/cm /day. The two
periods of maximum productivity per unit of incident radiation
2
occurred when light levels ranged between 150-350 gcal/cm /day. 
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2 2Fig. 20 Primary productivity per unit of incident radiation (mgC/m *kr : gcal/cm / 
day) at station Radiation predicted "by Kimball (1928).
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are well adapted to using lower levels of incident radiation. 
Summer and early fall species may not be as well adapted 
to using high levels of incident radiation. There appeared 
to be an inverse relationship between high incident rad­
iation and primary productivity during the summer period.
In addition, low productivity per unit of incident radiation 
was observed in January when incident radiation was lowest 
for the year.
Primary productivity per unit of biomass (Activity 
Coefficient, Tailing, 1969) provided information on season­
al variation in metabolism of phytoplankton. The ratio 
2 2mgC/m *hr : mgC/m was calculated for station during 
1973 and the spring of 197^ (Fig- 21). In 1973 the range was 
0.008-0.21. During January through March values of the ratio 
declined and a spring minimum of 0.026 was calculated from 
the peak of the spring phytoplankton bloom on March 31.
On this date primary productivity was beginning to decline 
following the spring maximum on March 21. In addition, biomass 
concentrations were maximal and chlorophyll a values were 
nearly maximal. The low value of productivity per unit of 
biomass suggests that phytoplankton were beginning to exp­
erience an environmental limitation. As previously mentioned, 
primary productivity per unit of incident radiation was 
maximal during this period and phytoplankton were not limited 
by low incident radiation. Nutrient limitation (probably 

















2 2Fig. 21 Primary productivity per unit of phytoplankton biomass (mgC/m •hr : mgC/m ) 
at station B^.
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However, other factors such as alternate forms of nitrogen, 
required organics or environmental parameters such as temp­
erature may have also been limiting. Nitrate concentrations 
at station were reduced from 5.0pm/l on March 21 to
0.55>mi/l on March 31; shortly thereafter undetectable levels 
of NO^ were observed (Frankel and Pearce, 1973)*
Prom late April through August values of the activity 
coefficient increased and remained high (0.08-0.214-).
Although biomass was low (average 10% of spring maximum)
2
productivity averaged 630mgC/m /day, approximately 50% of 
the primary productivity measured during the spring bloom.
In addition nitrate concentrations through this 
period ranged from undetectable levels to a maximum of 
1.6 um/1. These data suggest that summer species of phyto­
plankton are more efficient primary producers. The phytoplank­
ton community throughout this period had a reduction in the 
concentration of diatom species. On June 30, diatom species 
contributed 4-0% of the phytoplankton biomass. Sixty percent 
of the total community biomass was composed of greens, 
euglenoids, and dinoflagellates. It appears that these 
groups of marine phytoplankton are well adapted to the 
summer conditions of high incident radiation and warmer 
temperatures, and reached maximum populations during this 
period. A similar increase of the activity coefficient was 
observed in 1974-. A maximum value (0.40) occurred on May 
5, 1974- the same day as the highest value in 1973.
As fall approached in September, values of the
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activity coefficient were lowest for the year (0.008).
Diatom populations were increasing and contributed 96% of 
the phytoplankton biomass. Chlorophyll & and biomass con­
centrations were maximal during mid to late September.
These characteristics suggest that mid to late September 
is the major part of the fall phytoplankton bloom. Max­
imum primary productivity occurred just prior to chlorophyll 
and biomass maximums during the fall phytoplankton bloom.
The reduction in productivity per unit of biomass and other 
parameters mentioned paralleled the sequence of events 
observed during the spring bloom. These data suggested that 
nutrient depletion was a limiting condition as the fall 
bloom reached its maximum. A period of very low phytoplankton 
activity followed in late September.
During October values of the activity coefficient 
increased as the community structure changed. Fall bloom 
species were replaced by a mixed community of diatoms, dino- 
flagellates and green algae. Total number of species in 
September was approximately 20, but in October 15 species 
were added, and a maximum diversity for the year was observed.
As winter conditions approached values of the activity 
coefficient declined. Biomass, chlorophyll a, and primary 
productivity were also reduced. Nutrient concentrations 
were probably increasing through the winter months. Despite 
this, phytoplankton populations declined and low winter 
values of the activity coefficient (less than 0 .1) were 
observed. Perhaps low levels of incident radiation in
December, colder water temperatures, and vertical mixing 
limited primary productivity during the winter period.
The rate of metabolism in natural assemblages of 
phytoplankton is shown by the ratio of primary productivity 
to chlorophyll a concentration (Fogg, 1965)> e.g. mgC«hr/mg 
chlorophyll a. This ratio is also refered to as the assim­
ilation ratio. Ryther and Yentsch (1957) report a range of 
2.1-5.7 on a volumetric basis at light saturation. Steele 
and Baird (1961) report a range of 1-2 on a surface area 
basis, in the North Sea. Curl and Small (1965); and Tailing 
(1969) indicate that lower values of the ratio are indicative 
of nitrogen depletion and higher values indicate nitrogen 
sufficiency. Curl and Small further show that Skeletonema 
costatum has a ratio of 4.7 under nitrogen deficiency and 
a ratio of 6 .2 under nutrient sufficient conditions in 
culture experiments. Contrary to the more recent information 
provided above, Fogg (1965) reported that values of the ratio 
increase with progressive nitrogen deficiency when calculated 
on a volumetric basis at light saturation. During January 
and February data from Massachusetts Bay supports Fogg's 
observation. However, productivity per unit of incident 
radiation is lowest during this period. I suspect that 
light saturation values during this period are not accurate 
values as incident radiation is low during this period.
Other factors that may cause inaccurate assimilation ratios 
are the occasional difficulty in choosing the light satura-
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tion value and heterogeneous vertical distribution of phyto­
plankton.
Assimilation ratios in Massachusetts Bay were 
calculated on a surface area basis to prevent the difficulty 
observed above. The values ranged from 0.03-2.6 (Fig. 22). 
Seasonal trends in the ratio paralleled the observations 
of Curl and Small, and Tailing. Curl and Small, used C-14- 
uptake and calculated the ratio on a surface area basis.
During winter conditions, from December through the 
end of March, productivity per unit of chlorophyll declined 
in both 1973 and. 1974* Lowest assimilation ratios occurred 
in April following the first peak of the spring phytoplank­
ton bloom. Minimal values also occurred in September, 
following the first peak of the bimodal fall phytoplankton 
bloom. The middle portion of each bloom illustrated very 
low phytoplankton activity. These data suggest that phyto­
plankton productivity per unit of chlorophyll may be attenua­
ted by progressive nutrient deficiency or an accumulation 
of other factors. By late April nitrate concentration was 
undetectable at station B^ in 1973* (Frankel and Pearce, 
1973)- In addition, phytoplankton biomass, chlorophyll si, 
and primary productivity were reduced to low levels 
following the first peak in both bimodal spring and fall 
blooms. The second and smaller peak of both the spring and 
fall blooms followed this period of low activity by about 
one month. By late May the second peak of the spring bloom 

















2 2Fig. 22 Primary productivity per unit of chlorophyll a (mgC/m *hr : mg/m ) at station
B,
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fall, phytoplankton activity increased and the second part 
of the fall bloom was observed in late October. The sim­
ilarity of phytoplankton activity during the two major bloom 
periods also had parallel changes in assimilation ratios.
During the second part of the spring bloom nitrate 
concentrations were undetectable, but despite this phytoplank­
ton productivity increased. Phytoplankton removal rates were
calculated for the interim between the first and second part
2
of the spring bloom and the average rate was 245 mgC/m of
biomass removed from the water column per day. This removal
rate is an order of magnitude faster than at any other time
during the spring and summer period. These data suggest that
zooplankton grazing is actively involved. Perhaps zooplankton
in the process restore nutrients to the water column.
However, nitrate concentrations at this time were undetectable.
It is very likely that increasing phytoplankton populations
following the period of low activity remove the nitrogen
from the water as rapidly as it is resupplied. Consequently,
nitrate concentrations would be undetectable and phytoplankton
on first observation would appear nutrient limited. Organic
nitrogen and ammonia may also be supplied by this same
mechanism, and follow a similar pattern. However, these two
parameters were not investigated during this study.
A similar situation of rapid phytoplankton removal
was observed during the period between the first and second
part of the fall bloom. Biomass removal rates at this time 
2
were 212 mgC/m /day, similar to the spring removal rates.
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This suggests that a similar removal and recycling mechanism 
could he responsible for the second part of the fall phyto­
plankton bloom. However, other mechanisms of nutrient res­
toration may be involved in such a complex system.
Throughout the summer months (late May to late August) 
assimilation ratios had some variation but remained high.
Two seasonal maxima (2.6) were observed on May 19 and August
20. Nitrate concentrations through this period increased 
slightly. A concentration of 1.58 ;um/l was observed on June 
50. It appears unlikely that nitrate concentrations would 
increase during this period of moderately high and sustained 
rates of primary production. Perhaps nutrients are restored 
to the water column at a constant rate through the summer 
months. This may account for the rather constant rates of 
primary productivity during this period.
Following the fall phytoplankton bloom, assimilation 
ratios increased through the late fall months and by December 
a second seasonal maximum was observed in productivity per 
unit of chlorophyll. Apparently, after the fall bloom period 
nutrient concentrations were restored. Isothermal profiles 
were observed in late October, when mixing probably resupplied 
nutrients to the upper layers of the euphotic zone.
In addition to the parameters discussed above an 
evaluation of chlorophyll a per unit of biomass, pigment 
diversity and species diversity was conducted. Data collected 
at station was utilized for the analyses.
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Chlorophyll a per unit of biomass was evaluated
throughout the study period. Values ranged from 0.015-0.29
2
for mg chlorophyll per mgC/m of biomass (Fig. 23). Maximum 
values were observed when nitrate concentrations were reduced 
to undetectable levels following the first part of the spring 
phytoplankton bloom. Fogg (1965) states that the primary 
products of photosynthesis are proteins. However, with 
progressive nitrogen deficiency more carbohydrates are pro­
duced and he illustrates an increase in chlorophyll a. As the 
cells became senescent a reduction in chlorophyll a concen­
tration per unit of biomass was observed in phytoplankton 
cultures.
A similar increase in chlorophyll per unit of biomass 
was observed either during or directly following increases 
in phytoplankton biomass. These increases in chlorophyll 
per unit of biomass corresponded to both peaks of the bi­
modal spring and fall bloom. A corresponding decrease in 
chlorophyll per unit of biomass was observed following 
each period of phytoplankton increase. These data correspond 
to the observations by Fogg, and suggest that natural pop­
ulations of phytoplankton may respond to nitrogen defici­
ency in a manner similar to organisms in culture.
Further evaluation of pigments was conducted. 
Comparison of the observations of Margalef (1968) and data 
from station follows. Margalef described an index of 
pigment diversity as the ratio of absorbance at D4-30nm/










J F M A M J  J A S O N D J F M A M  
1973 1974
o







pigments. He states that the index is correlated with the 
proportion of yellow pigments as compared to chlorophyll.
The pigment diversity index was calculated for station 
from January to June, 1973* The range was 2.1-3 .3 and 
values corresponded to the range reported by Margalef 
(2.5-3*5)* However, a poor correlation between the index 
and actual ratio of measured carotene per chlorophyll a 
was observed ( 66 pairs of data, r= +0.27; Fig. 24). These 
data suggest that the pigment index is not a valid indication 
of the proportion of carotenoid pigments in the area of study.
Margalef also states that higher values of the index 
are observed in older populations of phytoplankton as 
carotenoid pigments are more resistant to destruction than 
is chlorophyll. This observation does parallel the information 
obtained on May 5* 1973• On this date phytoplankton product­
ivity, chlorophyll, biomass, and carotene concentrations 
were all minimal. This period of very low phytoplankton 
activity followed the first peak of the spring bloom. In 
this extreme case Margalef's concept of high pigment index 
and low phytoplankton activity correspond. However, the 
value of this index as a general indicator over the seasons 
is of limited value for description of phytoplankton activity 
in Massachusetts Bay.
Phaeophytin is one of the initial decomposition 
products of chlorophyll a. High concentrations per unit of 
chlorophyll may therefore indicate senescent populations of 
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and phaeophytin per unit of chlorophyll was made by correla­
tion analysis. This was done to examine the relation between 
each ratio as an indicator of senescent populations. The 
correlation coefficient was -0.4-6, illustrating little 
agreement between the variables. It appears that phaeophytin 
per unit of chlorophyll is not an accurate ratio for exp­
ressing senescence in Massachusetts Bay.
In addition Margalef reports that "a good positive 
correlation between species diversity and pigment index has 
been found". Comparison with data from station during 
December 19, 1972 to June 30, 1973 was made. Species 
diversity was calculated from biomass distributed among 
species and compared with the ratio D430/D665. A very poor 
correlation coefficient was observed (r= 0.42 for 66 pairs 
of data). Apparently the positive relationship between the 
two parameters is not applicable to the phytoplankton 
populations in the Massachusetts Bay area. Another possibility 
is that Margalef does not qualify his concepts in terms of 
time. Differences in season or duration of the investigation 
may have had an effect upon the responses obtained.
Species diversity was calculated as biomass per 
species over the total biomass for all species on the sample 
date (Big. 25). The equation (D = -E(pi In pi) presented by 
Margalef (1968) was utilized. Species diversity corresponded 



















Fig. 25 Species diversityC ), primary productivity( ), and number of





was from 0.26-2.37 (15 and 39 species respectively).
High values of species diversity were observed during the 
first and second part of the spring bloom. Maximum species 
diversity was observed during the second part of the fall 
bloom in October. During the first part of the fall bloom 
species diversity declined and by September 10, 1973 
Leptocylindrus danicus contributed 86% of the total biomass. 
No similar period of strong dominance was observed during 
the first part of the spring bloom. Winter values of species 
diversity were low. Higher values of diversity were observed 
in early summer and declined throughout the remaining 
summer months. Highest values of primary productivity cor­
responded to periods of high diversity. The only exception 
was the low diversity during the first part of the fall bloom 
when dominance was clearly observed.
The 4- major phytoplankton bloom periods in Mass­
achusetts Bay are very complex. In an attempt to describe 
the features of the phytoplankton blooms the following 
summary is offered. The first part of the bimodal spring
bloom at station B, is described. Similar features were5
observed in the second part of the spring bloom and during 
both parts of the bimodal fall bloom.
Initially the rate of primary production increases.
A corresponding increase in chlorophyll carotene and 
biomass was also observed. The ratio of primary product­
ivity per unit of biomass and ratio of chlorophyll a per
unit of biomass remained low and relatively constant dur­
ing this early part of the bloom. The rates of primary 
productivity per unit of chlorophyll at declined. As pri­
mary productivity became maximal phaeophytin concentrations 
increased very rapidly. This period is the asymptote of the 
spring productivity. Following this period productivity 
rapidly declined. Biomass, carotene, and phaeophytin became 
maximal following the productivity maximum. Chlorophyll a 
is maximal shortly thereafter and is followed by a sharp 
decline in all parameters. A period of low phytoplankton 
activity followed each bloom period. The nitrate concen­
tration during the bloom period was progressively reduced 
and undetectable levels were observed immediately following 
the productivity maximum. It appears that the carrying 
capacity for the system was controlled by an environmental 
parameter, probably nitrogen. However, it is unlikely that 
within such a complex system single factors acted indepen­
dently. Species interaction may have also played a major 
role in the sequences of the bloom. No apparent relationship 
was observed between salinity and temperature and variation 
in primary productivity.
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Geographical Variation In Primary Productivity
Geographical variation in primary productivity among 
the Massachusetts Bay grid stations were evaluated by C-14 
method at the primary stations and by chlorophyll concen­
tration and assimilation indices for all other stations.
An estimate of annual primary productivity: was calculated by 
combining the data from July 1973 to June 1974 at each station.
Daily productivity values were calculated in the same manner
2
as i£. situ values. Carbon fixation as mgC/m /day was inte­
grated over sample dates during this one year period and an 
annual production estimate obtained. The values obtained in 
this manner correspond with those measured in situ at 
station B^. The annual estimate by C-14 method was 230 mgC/
p
m /year, and that obtained for simulated in situ and
2
assimilation indices were both 24-0 mgC/m /year.
Variation among the Massachusetts Bay grid stations 
show an offshore trend of decreasing annual primary product­
ivity. In addition, maximum production was observed on the 
southern side of the grid and a more gradual reduction 
toward the north was observed. The resultant distribution 
shows that inshore stations and those located in the south­
western area of the grid have the highest primary product­
ivity. Offshore stations and those located toward the north­
east express lowest annual primary productivity. In general, 
productivity was reduced by approximately 40% along a transect 







Fig. 26 Isopleths of annual primary production (gC/m^/yr.) 
among the Massachusetts Bay Stations.
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Decreasing annual primary productivity in a seaward 
direction has been previously reported by Ryther and Yentsch 
(1958) and Mandelli et al. (1970) for the New York coastal 
region. Ryther and Yentsch suggested a more active nutrient 
regenerating mechanism in these shallow coastal waters, prob­
ably aided by storms and other mixing processes.
Similar phenomena observed in the western margin of 
Massachusetts Bay probably resulted from a combination of 
physical processes in the region. During ebbing tide a 
large volume of water from Dorchester Bay, Quincy Bay and 
Hingham Bay is transported out of Boston Harbor through a 
narrow set of channels. These are the Presidents Road to the 
north and the Nantasket Roads on the south side of the harbor 
enterance. This funneling action increases the velocity of 
tidal currents and values of 3-5 knots have been observed 
(Capt. D. Phipps, personal communication). Entrained in 
this turbulent water mass are high concentrations of 
nutrients, pollutants and particulate matter which are pro­
bably transported into the southwestern section of the study 
area. A combination of long shore currents from the north 
(Graham, 1970) and the Coriolis effect tends to develop a 
non-tidal drift to the south. In addition, turbulent mixing 
combines the harbor water with offshore water. This gra­
dient of diluted water is indicated by the offshore trend 
of decreasing nutrient concentrations reported by Frankel 
and Pearce (1973).
Addition of nutrients to this water stimulates algal
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growth in the region. Station O2 located directly in the 
proposed dispersal zone shows highest chlorophyll _a con­
centration and primary productivity reported for the study
area. The annual primary productivity estimate at this
2
station was 340 mgC/m /year suggesting that this region 
is highly eutrophic. The northeastern and northern sec­
tions in the grid would he least effected hy harbor water 
and nutrient enrichment. These stations had lower chlorophyll 
_a concentrations, deeper euphotic zones and lower primary 
productivity.
In summary, it appears that ebbing tide carries 
a large volume of nutrient rich water through narrow channels 
into the western margin of Massachusetts Bay. Progressive 
nutrient dilution with bay water distributes nutrients in 
decreasing concentrations seaward. Long shore currents and 
Coriolis effect deflect the water to the south. Primary 
productivity is also decreased in a seaward direction. 
However, in such a complex system many factors are likely 
responsible for the spatial variation in the biological 
parameters of the study area. Freshwater input from the 
Merrimack River to the north is also reported to contribute 
significantly to the study area. Further investigation will 
be required before an acceptable model for this phenomenon 
can be prepared.
SUMMARY
1. Primary productivity has been measured for the 18 month 
period from January, 1973 to June, 1974- at 5 stations loca­
ted in the western margin of Massachusetts Bay.
2. Supporting biological parameters included pigment analysis 
(chlorophyll a., carotene, and phaeophytin), phytoplankton 
community structure, and biomass.
3* Supporting physiochemical parameters included salinity, 
temperature, light penetration in the water column, incident 
radiation (IQ)i and climatic conditions.
4. Nitrate and phosphate concentrations were evaluated by 
Frankel and Pearce (1974-) and a discussion of nutrients has 
been included.
5- The water in the study area was intermediate between 
low salinity coastal water and more highly saline offshore 
water.
6 . Maximum temperature was approximately 20°C and thermal 
stratification persisted from June through October.
7. Depth of the euphotic zone (1% IQ) was approximately 
25m, but it did vary between 15-30m. An offshore trend of 
increasing transparency was noted.
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8. Maximum phytoplankton abundance occurred during spring 
and fall bloom periods (March-May and September-October, 
respectively)-
9. In situ primary productivity was highest during the 
spring bloom period in March. Productivity also increased 
during the fall bloom. Pigment concentration and phytoplankton 
biomass were highest during these two periods. Generally,
the first part of each bimodal bloom was more productive 
than the second.
10. Maximum photosynthesis occurred between 1-3m and light 
inhibition of carbon fixation was observed at the surface 
when incident radiation was maximal.
11. A marked offshore trend of decreasing primary product­
ivity and chlorophyll a concentration was observed.
12. Maximum productivity per -unit of incident radiation was
during the two major bloom periods and light levels ranged
2
between 150-350 gcal/cm /day. Minimum values occurred 
during the summer when IQ was maximal.
13. Maximum productivity per unit of biomass (activity coef­
ficient) occurred during the summer months. Minima occurred 
during the major bloom periods.
86
14. Maximum productivity per unit of chlorophyll a (assimi­
lation ratio) occurred during the summer months. Minima 
occurred during the major "bloom periods.
15. Maximum chlorophyll a concentration per unit of biomass 
occurred in the later part of each of the bimodal peaks of 
the bloom periods. Minimum values followed major peaks of 
phytoplankton activity.
16. The variation in specific productivity rates and varia­
tion in chlorophyll content parallel observations made on 
nitrogen deficient cultures of marine phytoplankton. They 
suggest that nutrient availability had a strong influence 
on the initiation and duration of the major bloom periods.
17. Biomass depletion rates following the first part of the 
spring and fall bloom were an order of magnitude faster than 
at any other time of the year. Zooplankton grazing may be 
responsible.
18. Nitrate concentrations were undetectable during the 
second part of the spring bloom. It appears that the rate of 
restoration of nitrate and its removal by phytoplankton
may be parallel. This would account for phytoplankton pro­
ductivity during a period when nitrate appeared to be limit­
ing.
19. Moderately high and sustained rates of productivity
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during the summer period when nitrate concentrations were 
quite low may also be accounted for by this mechanism of 
similar restoration and removal rates.
20. Variation in species diversity paralleled primary 
productivity except for one short period in the fall when 
one species dominated the community.
21. Nutrient concentrations declined in a seaward direction 
and a parallel decline was observed in productivity. Nutrients 
appeared to be dispersed and diluted at the mouth of the har­
bor.
22. Nutrient addition from land drainage into the inner har­
bor area is transported into the study area and appears to 
be the most significant variable that contributed to spatial 
differences in primary productivity.
23. Spatial and seasonal variation in the biological para­
meters is very complex. It is unlikely that within such a 
system single factors act independently. Further investiga­
tion of spatial and seasonal variation in nutrients and 
zooplankton activity would be required before a reasonable 
model for productivity in Massachusetts Bay can be prepared.
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APPENDIX
TABLE 4. In situ vertical primary production profile (mgC/m3/hour), and integrated 
hourly and daily rates at station from March,1973 to June, 1974•
Depth (m) 3/21 3/31 4/13 4/23 5/5 5/19 6/3 0
Surface 17.78 41.88 12.56 0.61 2.87 7-55 3.40
1 22.60 41.00 16.00 • 00 3.26 9-40 18.20
3 25-80 17-80 22.76 1.06 2.99 10.70 11.00
5 23.77 9-60 15-50 1.90 2.85 9.10 4.86
8 7-36 2.88 2.40 2.37 2.54 9.80 1.90
10 0.00 1-79 1.98 2.27 2.30 5.50 0.95
12 0.00 0.60 0.96 2.15 1.40 3.60 0.77
15 0.00 0.59 0.54 2.38 0.85 2.30 0.14
20 0.00 0.42 0.07 1.35 0.22 0.70 0.00





mgC/m^/hr. 172 160 129.4 43 38.6 119.6 72.3
mgC/m^/day 1383 1170 1202 332 284 963 881
TABLE 4 — CONTINUED
Depth (m) 7/14 8/20 9/10 9/29 10/13 10/28 12/1 12/22
Surface 10.39 3-67 12.96 2.51 8.90 16.01 2.50 3.27
1 11.53 3-96 19-58 2.81 10.00 17.33 5.29 2.81
3 11.65 6.15 15-12 4.54 11.26 12.35 3-97 6.09
5 9.22 4.05 9-50 5-36 8.82 6.68 3.32 5.57
8 2.07 5.24 2.89 1.24 4.70 2.85 2.08 4.52
10 1.74 5.12 1.15 0.97 2.98 0.67 1.91 3.03
12 1.10 2.48 0.41 0.73 1.92 0.54 0.90 2.6 7
15 0.72 2.06 0.52 0.24 1.04 2.40 0.80 1.58
20 0.18 1.89 0.28 0.00 0.48 0.81 0.35 0.55
25 0.00 1.70 0.00 0.00 0.20 0.00 0.21 0.00
mgC/m2/hr. 85-6 71 101.9 30.3 93-6 98.9 42.2 64.4
mgC/m^/day 757 607 859 240 615 672 337 582
TABLE 4 —  Continued
Depth (m) 1/26 2/16 3/2 3/16 4/6 4/20 5/5 5/18 6/1
Surface 0.56 1.66 23.63 24.96 11.49 1.85 4.82 9.45 14.70
1 1.15 2.05 22.41 30.39 11.03 2.07 3-63 7.41 10.48
3 1.64 1.91 21.79 16.77 7.93 3.26 3.45 9-83 6.65
5 2.18 2.19 12.75 9-36 4.94 3.05 3.59 11.24 3.07
8 1.21 2 29 5-54 1.82 2.35 3.01 2.47 8.24 1.98
10 1.40 2.57 3.06 1.92 1.72 2.38 2.26 5-20 0.15
12 0.68 1-77 0.34 4.16 1.05 2.00 2.46 3-75 1.02
15 0.72 0.51 0.20 3-36 0.46 0.76 1.83 0.87 0.26
20 0.40 0.37 0.00 4.10 0.27 0.54 0.32 0.05 0.00
25 0.47 0.31 0.00 3.34 0.14 0.85 0.04 0.00 0.00
mgC/m^/hr. 24.3 33.2 142.5 176.1 66.0 43.3 49.6 107.7 52.9
mgC/m2/day 160 214 1555 1915 533 360 456 940 764
TABLE 5. Vertical profiles of chlorophyll a (mgC/m3) and integrated values at station
Ap from January, 1973 to June, 1974.
Date surface 5M 10M 15M 20M 25M mg Chloro a/m^
1/13 0.50 0.56 0.53 0.50 0.59 0.40 13.30
2/10 0.66 0.59 0.66 0.65 0.65 0.65 16.15
3/21 7.90 5.38 6.01 6.39 5.66 4.04 147.05
3/31 7-57 13.14 11.69 10.39 8.29 8.05 256.60
4/13 5.69 4.33 5.94 10.23 6.73 2.71 157.15
4/23 4.03 2.86 1.71 4.12 2.77 1.88 72.07
5/05 0.81 2.16 1.62 0.67 0.55 0.39 28.00
5/19 2.29 2.21 2.46 2.48 2.82 0.92 57.87
6/02 4.52 2.55 4.02 1.23 1.15 0.79 59.02
6/30 2.68 2.68 1.32 0.84 0.57 0.57 35.17
7/14 4.80 10.20 1.75 2.05 0.00 0.00 76.87
8/20 0.72 0.75 1.73 1.06 1.05 1.05 27.37
9/10 4.08 5.72 6.33 6.33 0.52 0.52 105.25
9/29 4.52 7.49 7.19 2.89 0.00 0.00 99.15
TABLE 5 — Continued
Date surface 5M 10M 15M 20M 25M mg Chloro a/m^
10/13 3.35 5.26 5.09 1.28 2.32 2.32 83.90
10/28 2.96 4.44 5.20 4.07 2.22 2.22 92.6
12/01 - - - - - - -
12/22 - - - - - - -
1/26 1.49 1.30 1.24 0.03 0.07 0.04 17.02
2/16 1.04 1.06 1.08 1.08 11.01 1.08 26.90
3/02 6.19 6.71 6.58 5.80 5.34 4.95 150.00
3/16 7-56 7.86 7.86 7.86 7.86 8.01 196.12
4/06 3.25 3.91 4.14 5.60 5.67 5.87 120.80
4/20 0.49 0.63 0.73 0.93 0.96 4.85 30.84
5/05 2.20 2.70 3.23 2.67 2.32 5.54 73.95
5/18 1.22 4.14 5-15 1.56 2.57 3.13 77.97
6/01 4.33 4.27 2.30 1.29 0.62 0.45 54.35
100
TABLE 6 . Vertical profiles of chlorophyll a (mgC/m^) and integrated values at station
A^ from January, 1973 to June, 1974.
Date surface 5M 10M 15N 20M 25M mg Chloro a/m^
1/13 0.56 0.59 0.53 0.63 0.56 0.53 14.27
2/10 0.46 0.49 0.46 0.47 0.47 0.47 11.65
3/21 5-50 5.50 5.17 5-96 5.92 5-50 138.82
3/31 7-93 11.98 11.67 9-85 8.66 8.91 252.90
4/23 0.22 O .31 1.23 2.97 3.28 2.44 45.60
5/05 0.69 0.66 0.64 0.41 0.27 0.30 12.37
5/19 2-37 2.38 1.23 0.39 0.22 0.00 27.57
6/02 2.80 1.63 2.22 1.38 0.55 0.00 35.93
6/30 3.70 5-42 3-35 1.54 0.36 0.36 63-50
7/14 0.50 2.40 3-40 0.40 0.00 0.00 30.78
8/20 0.77 0.97 0.97 2.04 0.89 0.89 28.50
9/10 5.17 6.61 8.05
K”00• 3.14 3.14 168.82




















































TABLE 6 — Continued
15M 20M 25M mg Chloro a/m^
2.60 1.10 1.10 60.57
7.55 7.55 7.55 186.15
1.00 0.08 0.05 19.55
1.26 1.28 1.32 31.15
6.25 6.12 5-95 153.02
6.65 6 65 6.65 163-62
5-65 4.20 4.10 112 25
0.90 0.80 1.03 17.75
3.61 3.47 5.47 89-45
1.22 3.02 3-58 33.45
1.04 0.84 0.50 43.05 102
TABLE 7- Vertical profiles of chlorophyll a (mg/ra3) and integrated values at station
B3 from January,1973 to June, 1974.
Date surface 5M 10M 15M 20M 25M mg Chloro a/m^
1/13 0.55 0.49 0.46 0.52 0.46 0.46 12.17
2/10 0.53 0.52 0.49 0.50 0.50 0.50 12.20
3/21 6.59 5.75 5.40 6.37 6.37 2.69 141.20
3/31 6.25 7.18 6.97 6.40 5.80 4.70 159.12
4/13 6.29 6.12 7.11 7.14 6.33 8.04 169.32
4/23 0.64 0.69 1.54 2.63 4.28 6.40 63.30
5/05 1.29 0.92 1.76 0.42 0.63 0.45 23.00
5/19 2.01 2.09 2.48 2.20 0.98 0.97 46.20
6/02 3.36 1.65 3-56 2.83 3.24 3.50 73.65
6/30 4.45 3.36 1.41 0.51 0.26 0.26 44.47
7/14 0.90 2.80 2.70 2.45 0.45 0.40 45.37
8/20 0.63 1.24 1.95 1.08 0.59 0.59 27.35
9/10 10.20 21.08 16.74 14.14 6.33 6.33 337.77
9/29 1.06 5.17 4.23 4.31 0.00 0.00 71.20 £0
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15M 20M 25M mg Chloro a/m^
2.57 1.28 1.28 89.87
4.44 4.40 0.00 109.75
0.70 0.75 0.65 18.50
1.37 1.00 0.50 28.70
0.05 0.07 0.03 14.52
1.18 1.16 1.16 28.65
10.13 2.10 1.66 159.30
8.60 8.77 8.30 212.85
5.59 5.26 5.65 116.80
0.86 0.86 1.10 21.17
1.59 1.68 1.68 37.87
1.53 0.93 1.05 66.87
1.54 1.07 1.07 42.62
i/
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TABLE 8. Vertical profiles of chlorophyll ci (mg/m3) and integrated values at station
C2 from January, 1973 to June, 1974.
Date surface 5M 10M 15M 20M 25M
p
mg Chloro a/m
1/13 0.49 0.68 0.59 0.52 0.62 0.59 14.75
2/10 0.72 0.78 0.55 0.60 0.50 0.50 15.32
3/21 8.50 8.70 8.70 9.30 6.92 7.00 206.80
3/31 22.89 20.40 21.16 19.55 17.29 11.66 478.37
4-/23 5.39 5.94 4.18 5.07 5.61 0.00 103.45
5/05 1.21 2.28 1.70 1.08 0.61 0.00 29.85
5/19 4.53 6.07 5.60 4.62 3.02 1.71 112.15
6/02 0.79 1.02 0.57 4.90 4.37 0.00 67.20
6/30 3.57 2.79 1.21 1.20 1.20 1.20 43.42
7/14 9.50 12.35 10.70 0.55 0.00 0.00 140.37
8/20 1.64 3.67 2.30 2.30 2.30 2.30 35.20
9/10 25.67 33.0 38.00 3.72 3.72 3.72 465.72
9/29 11.83 13.45 8.37 4.71 0.00 0.00 162.22
TABLE 8 —  Continued
Date surface 5M 1QM 15M 20M 25M mg Chloro a/
10/13 8.20 12.72 8.72 4.05 1.97 1.97 162.72
10/28 4.44 4.44 2.16 2.16 2.16 2.16 71.10
12/01 - - - - - - -
12/22 - - - - - - -
1/26 1.51 1.62 1.12 0.60 0.04 0.00 20.75
2/16 0.92 1.14 1.26 1.24 1.24 0.00 23.60
3/02 6.96 7.03 6.84 6.70 6.80 0.00 135.00
3/16 11.50 10.90 9.80 10.30 10.10 0.00 209.00
4/06 12.00 10.47 7.38 16.02 16.65 0.00 240.97
4/20 2.59 3.33 3.67 3.67 8.40 0.00 90.94
5/05 5,03 5.27 4.69 4.50 3.51 0.00 93.70
5/18 6.95 7.17 6.72 6.39 7-29 0.00 137.00
6/01 4.07 3.45 3.39 1.40 0.65 0.00 53.00
*106
TABLE 9. Vertical profiles of chlorophyll a_(mg/m^)


































































and integrated values at station















TABLE 9 — Continued
Date surface 5M 10M 15M 20M 25M mg Chloro a/m2
10/13 2.63 5.99 7.86 5.09 4.39 4.37 139.15
10/28 6.28 5.18 5.26
C\J• 1.12 1.12 81.90
12/01 - - - - - - -
12/22 - - - - - - -
1/26 1.10 1.10 1.00 0.07 0.04 0.03 13-88
2/16 1.18 1.18 1.30 1.34 1.36 1.36 32.25
3/02 7.94 8.33 7.55 6.77 6.38 6.25 180.62
3/16 6.50 6.65 6.80 6.80 6.80 6.95 168.87
4/06 3.08 3.08 7.00 6.57 9.66 9.66 163.40
4/20 0.83 0.90 1.03 1.17 1.64 4.07 37.04
5/05 2.09 2.26 3-39 3.68 3.67 3.71 79.50
5/18 1.00 2.57 2.57 2.91 1.45 1.45 53.62
6/01 1/92 2.78 1.69 1.18 0.70 0.62 38.10
108
TABLE 10. Depth of euphotic zone (m) and vertical extinction coefficient from 
surface to depth of penetration of 1% surface radiation among the primary 
Massachusetts Bay Stations, January, 1973 to June, 1974.
Date A2 A4 B3 C2 C4
K 1% K 1% K 1% K 1% K 1%
1/13 .177 26M .154 30M .164 28M ro VM 0 20M .219 21M
2/10 .171 27 .154 30 .118 39 .230 20 .135 34
3/21 - - - - .242 19 - - .461 10
3/31 .921 5 .921 5 .384 12 1.530 3 .921 5
4/13 - - - - .219 21 - - - -
4/23 .184 25 .288 16 .164 28 .271 17 .144 32
5/05 .177 26 .177 26 .177 26 .288 16 .209 22
5/19 - - - - .200 23 - - - -
6/02 .329 14 .461 10 .354 13 .461 10 .271 17












6/30 .354 13M .419 11M .329 14M .384 12M .256 18M
7/14 - - .242 19 .271 17 .384 12 .288 16
8/20 .271 17 .177 26 .230 20 .307 15 .171 27
9/10 .336 14 .329 14 .419 11 • 576 8 .354 13
9/29 .336 14 .230 20 .271 17 .512 9 .219 21
10/13 .230 20 .209 22 .256 18 .512 9 .256 * 18
10/28 .154 30 .307 15 .256 18 .507 15 .209 22
12/01 .230 20 .171 27 .154 30 .354 13 .230 20
12/22 — _ _ .144 32 _ _
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1/26 .200 23M .230 20M .159 29M .230 20M .200 23M
2/16 .164 28 .164 28 .159 29 .209 22 .184 25
3/02 .242 19 .219 21 .288 16 .507 15 .271 17
3/16 .256 18 .200 23 .219 21 .419 11 .209 22
4/06 .242 19 .230 20 .256 18 .419 11 .230 20
4/20 .200 25 .184 25 .177 26 .419 11 .209 22
5/05 .256 18 .288 16 .184 25 .384 12 .242 19
5/18 .242 19 .209 22 .200 23 .354 13 .230 20
6/01 .271 25 .184 25 .192 24 .230 20 .184 25
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